Leiomyosarcoma (LMS) is a malignant tumour of the smooth muscle cells arising from soft tissues or viscera, including the uterine corpus, more rarely the bone ([@bib5]). Leiomyosarcoma represent 15% of adult sarcomas, and gather a heterogeneous group of tumours with different grades and presentation ([@bib8]). Most LMS are high-grade sarcomas and exhibit a clinically aggressive behaviour ([@bib7]; [@bib43]). The metastatic relapse rate following local treatment is ∼40% at 5 years ([@bib44]), and cure rate in advanced phase remains very low (\<5%) with current treatment options, including cytotoxics and targeted agents ([@bib32]; [@bib38]). Cytogenetic analysis and CGH arrays reveal multiple chromosomal rearrangements, with molecular subclassifications emerging ([@bib6]). However, no strong driver genetic alteration has been identified so far in these diseases ([@bib30]). Cytotoxic and targeted therapies, including pazopanib and trabectedin, prolong progression-free survival ([@bib19]; [@bib4]), and eribulin improved overall survival ([@bib40]). However, the median PFS is close 4 months with these different agents in LMS, with few long-term responders, and no key biomarker has been identified to guide the treatment ([@bib46]).

Our previous work identified TYRO3 (TYRO3 protein tyrosine kinase) and AXL (AXL receptor tyrosine kinase) activation in LMS cell lines and tumours ([@bib9]). Both receptors belong to the TAM (TYRO3, AXL and MER -- MER proto-oncogene, tyrosine kinase) receptor tyrosine kinase family, which emerged as new potential targets in many oncological diseases, from leukaemia to solid tumours ([@bib11]). The TAM receptors are structurally homologous and share the same vitamin K-dependent ligands: GAS6 (growth arrest-specific 6); and Protein S ([@bib18]). GAS6 is upregulated in response to growth arrest in many different cell types ([@bib14]), and is structurally related to Protein S. Upon ligation, the tyrosine kinase receptors initiate a downstream signalling promoting cell survival, proliferation, migration and adhesion, among other functions ([@bib21]). Overexpression of TAM receptors has been identified in a variety of tumours, often with prognostic importance ([@bib11]). AXL, the most widely studied member of these proteins, is implicated in invasiveness and/or metastasis in many of them, including chronic myeloid leukaemia, breast cancer, gliomas, lung, pancreas and prostate carcinoma ([@bib47]; [@bib41]). Preclinical data showed that AXL blockade on glioblastoma cells lead to tumour growth reduction and improved survival ([@bib45]). MERTK is present in almost 50% of acute lymphoblastic leukaemia (ALL) and in 70--90% of acute myeloid leukaemia ([@bib35]; [@bib20]), as well as in several other solid tumours ([@bib11]). Though less studied, TYRO3 has been found expressed and activated in melanoma ([@bib48]) in LMS ([@bib9]) and thyroid cancer ([@bib3]). TYRO3 is involved in metastasis development, but its level of expression *in vivo* has not been found correlated to prognosis so far ([@bib11]). Several tyrosine kinase inhibitors, multi-targets or specific AXL/MERKT inhibitors are currently being developed ([@bib23]; [@bib11]).

To establish whether TYRO3 and AXL contribute to LMS cell proliferation and could represent therapeutic targets, we analysed TYRO3 and AXL function by gene knockdown and expression of TYRO3, AXL and GAS6 in 2 series of 251 and 107 tumour samples of sarcoma patients, including LMS. TYRO3 and AXL inhibitors reduced cell growth, blocked cell cycle and induced apoptosis in LMS cell lines. TYRO3, AXL and ligands GAS6 and PROS1 were found overexpressed in specific sarcomas tumour samples, in particular LMS, and correlated to progression-free survival.

Materials and methods
=====================

Cell lines and reagents
-----------------------

A panel of six LMS tumour cells were used. Five cell lines were established from primary tumours at Institut Bergonié (France): IB112 derived from a LMS of upper limb in a female patient; IB118 is derived from a tumour of the soft part of the head/neck of a man; IB133 from a retroperitoneal tumour in a female patient; IB134 is a uterine LMS; and IB136 derived from a soft tissue tumour of the lower limb in a female patient ([@bib12]). Cell lines were cultured in RPMI 1640 medium. SK-LMS-1 (ATCC, LGC Standards, Molsheim, France) cell line was cultured in MEM. The human liver carcinoma cell line HepG2 (ATCC) that express high level of TAM receptors was used as positive control and cultured in DMEM.

Crizotinib (PF-023441066) and foretinib (GSK1363089) were purchased from Selleckchem (Souffelweyersheim, France). Recombinant human GAS6 were purchased from R&D Systems (Lille, France) and reconstituted in PBS. Doxorubicin (D1515) was purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France).

Cell viability/proliferation
----------------------------

Leiomyosarcoma cells were seeded into 96-wells plates at a density of 2000--5000 cells per well. Cells were allowed to adhere overnight before addition of a concentration of crizotinib and foretinib ranging from 0.01 to 10  *μ*[M]{.smallcaps} or DMSO for additional 72 h. Cell viability was evaluated using CellTiter-Glo Luminescent Cell Viability Assay (Promega, Charbonnières, France). Luminometric measures were performed using the Tecan Infinite 200 PRO microplate reader (Tecan, Lyon, France). Relative cell numbers were normalised to vehicle-treated controls. Results are average of three independent experiments performed in triplicates. Cell proliferation in shRNA clones were assessed by trypan blue exclusion at day 1 and 3 post cell seeding.

Flow cytometry: cell-cycle, apoptosis analysis and protein expression by FACS
-----------------------------------------------------------------------------

In all, 1 × 10^6^ LMS cells were seeded 24 h before the experiment. Sub-confluent cultures were treated for 48 h with 5 *μ*[M]{.smallcaps} of crizotinib, 1 *μ*[M]{.smallcaps} of foretinib or DMSO. Cells were lifted with trypsin, combined with culture supernatants and collected by centrifugation. For cell cycle analysis, cell pellets were permeabilised in 70% ethanol overnight at 4 °C and then stained with propidium iodide (40 *μ*g ml^−1^) and treated with RNAse A (2 mg ml^−1^) for 1 h at 37 °C. Apoptosis were analysed using FITC Annexin V apoptosis detection Kit (BD Pharmingen, Paris, France) according to the manufacturer's instructions. Cells were analysed on a flow cytometer (FACScalibur, BD, Le Pont de Claix, France). Results were processed using FlowJo (Tree Star, Inc, Ashland, OR, USA) and CellQuest software (BD Biosciences, Le Pont de Claix, France). Protein detection was performed with both intracellular and extracellular staining. For extracellular staining about 5 × 10^5^--1 × 10^6^ LMS cells were washed, trypsinised and resuspended in 1 × PBS. A dead cell control was prepared by placing 1 × 10^5^ cells at 56 °C for 15 min. All cells were first stained with the Live/Dead Fixable Red stain (Invitrogen, Cergy Pontoise, France), which ensure accurate assessment of cell viability in samples after fixation and/or permeabilisation. All cells were then stained with the following goat polyclonal primary antibodies: anti-TYRO3 (AF859); anti-AXL (AF154); anti-Mer (AF891) all from R&D Systems; or goat IgG isotype control (Novus Biologicals, Cambridge, UK), and a secondary donkey anti-goat IgG Alexa Fluor 488 antibody (Invitrogen). Following the cells were fixed and permeabilised using the eBioscience Fixation & Permeabilization Kit (eBioscience, Hatfield, UK), as detailed by the supplier's and stained with the same primary and secondary antibodies again. Cells were analysed on a flow cytometer FACScalibur (BD Biosciences). Resultant data were analysed by FlowJo Software (Tree Star, Inc.).

Western blotting
----------------

Whole-cell lysates were prepared in RIPA lysis buffer supplemented with protease and phosphatase inhibitors (Bio-Rad factors 1 and 2). Protein concentrations were determined by DC protein assay (Bio-Rad, Marnes-la-Coquette, France) and equal amounts were analysed by SDS--polyacrylamide gel electrophoresis and immunoblotting. Primary antibodies against human TYRO3 (\#5585; Cell Signalling, Saint Quentin Yvelines, France), AXL (ABN275; Millipore, Molsheim, France), phosphoAXL (Y779-AF2228; R&D Systems) and actin (A54441; Sigma-Aldrich) were used, followed by a secondary HRP-linked antibody. Protein bands were detected with Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare Europe, Velizy-Villacoublay, France) and visualised on autoradiograph film).

Colony formation assay
----------------------

Anchorage-independent colony formation was performed in agarose. A solution of 1.4% of agarose mixed 1:1 with 2 × MEM supplemented with FBS to a final concentration of 10% was layered onto six-well plates. SK-LMS-1 (wild type and shRNA constructions) and IB136 cells were mixed with a similar solution at 0.9% of agarose and seeded at a density of 1 × 10^4^ cells per well. Medium containing drugs to a final concentration of 5 *μ*[M]{.smallcaps} of crizotinib, 1 *μ*[M]{.smallcaps} of foretinib, 5 *μ*[M]{.smallcaps} doxorubicin, or an equivalent concentration of DMSO was added the following day, in triplicates. Fresh medium containing drugs was renewed every 3 days. Cells were grown for 14--21 days at 37 °C in 5% CO~2~, and the number of colonies was counted under a microscope. For shRNA experiments, cells were cultured with 2 *μ*g of puromycin as plasmid selection drug.

GAS6 ELISA
----------

The LMS cell line lysates were used to coat ELISA plates at 1 mg ml^−1^ overnight at 4 °C. The following day a specific human GAS6 (R&D Systems, Abingdon, UK) kit was used following the manufacturer's instructions.

Immunoprecipitation and detection of phosphorylated TYRO3
---------------------------------------------------------

To evaluate the phosphorylation of TYRO3 by immunoprecipitation, LMS cells were starved for 4 h, then activated with 200 n[M]{.smallcaps} of GAS6 for 20 min. Before lysis, cells were treated with a pervanadate solution composed of 10 n[M]{.smallcaps} of sodium orthovanadate and 0.15% of H~2~O~2~ ([@bib39]), for 3 min at RT to preserve the phosphorylation status of TYRO3. Equal amounts of pervanadate-treated lysates (500 *μ*g) were incubated with an anti-phosphotyrosine antibody (PY20 -- Invitrogen, Courtaboeuf, France) or mouse IgG2b isotype control (Thermo Fisher Scientific, Villebon sur Yvette, France) for 2 h at 4 °C followed by incubation with Protein G-agarose (Millipore) bead slurry pre-coated with BSA 3% in PBS for 1 h. Immune complexes were collected by centrifugation and washed with PBS with pervanadate. Beads were resuspended in Laemmli buffer (62.5 m[M]{.smallcaps} Tri--HCl (pH 6.8), 25% glycerol, 5% *β*-mercaptoethanol, 2% SDS and 0.01% bromophenol blue) and boiled before analysis by western blotting using a rabbit anti-TYRO3 (\#5585; Cell Signalling) or anti AXL (ABN275; Millipore) antibodies. Immunoblots were analysed with Bio-Rad ChemiDoc XRS Imaging System and quantified using Image Lab Software (Bio-Rad).

Production of shRNA clones
--------------------------

Two TYRO3 short hairpins (shRNA), TRCN0000002178 (sh1) and TRCN0000002179 (sh2), two AXL shRNA, TRCN0000000572 (sh3) and TRCN0000000576 (sh4), and a prion protein (shPRPC) were produced into the retroviral vector pRS. The shPRPC vector encodes a shRNA that engages the endogenous RNAi machinery and targets PRPC mRNA; as human cells do not express those proteins, this vector serve as a non-silencing control. Retroviral particles were generated by calcium phosphate transfection of amphotrophic Phoenix packaging cell line with the retroviral vector pRS according to the manufacturer's recommendations (CalPhos Mammalian Transfection Kit_Clontech, Saint-Germain-en-Laye, France). Viral stocks were collected 2 days post transfection, filtered (pore size: 0.45 μm) and placed in contact with cells for 10--12 h in the presence of 8 μg ml^−1^ polybrene. Selection was initiated 48 h post infection with 0.5 μg ml^−1^ of puromycin. Stable clones of SK-LMS-1-expressing scramble; TYRO3 or AXL shRNAs selected in the presence of puromycin were subjected to further analysis.

Clinical samples of LMS, synovial sarcoma, dedifferentiated liposarcoma and undifferentiated pleomorphic sarcoma tumours
------------------------------------------------------------------------------------------------------------------------

Two series of sarcoma samples were analysed. Immunohistochemistry for TYRO3, AXL and GAS6 was performed in a series of 107 sarcomas (23 LMS, 24 SS, 22 DDLPS and 38 UPS), from nationally certified tumour bank of Centre Leon Bérard. The TMAs were constructed from representative tumour cores spotted in triplicate along with 5 control samples.

A second series of 251 sarcomas of ATGsarc microarray expression data set (ATGsarc database) from French Sarcoma Groups (FSG) was analysed. The ATGsarc database (<http://atg-sarc.sarcomabcb.org/>) is a web accessible database containing genomic alterations and expression profiles of different sarcoma histological subtypes. This database includes 94 LMS, 94 UPS and 63 DDLPS profiled using Affymetrix U133 Plus 2.0 (Paris, France). Chips that were normalised altogether with GCRMA algorithm. All histologies were centrally reviewed within FSG group of pathologists. The genomic alterations, and differential expression of AXL, TYRO3, MER, GAS6 and Protein S in LMS, and other subtypes were explored. The relapse-free survival of LMS patients with expression levels above or under the mean for all 5 genes was also investigated.

Immunohistochemical analysis and histologic scoring (*H*-score)
---------------------------------------------------------------

To estimate, semiquantitatively, the expression level and intensity of expression of TYRO3, AXL and GAS6, TMAs were stained. Tissue sections of formalin-fixed paraffin-embedded tumour samples were prepared. Immunohistochemistry was performed on the discovery automated platform (Ventana-Roche, Boulogne-Billancourt, France) with the following primary antibodies: anti-TYRO3 mouse monoclonal (MAB859); anti-AXL goat polyclonal (AF154); and anti-GAS6 goat polyclonal (AF885), all from R&D Systems. Following the appropriate detection kit: OmniMap anti-mouse HRP or OmniMap anti-goat HRP were used, both associated to the chromogenic kit ChromoMap DAB, all from Ventana-Roche (Ventana-Roche) as detailed by the supplier. TYRO3, AXL and GAS6 immunoreactivity was analysed semiquantitatively using the *H*-score ([@bib35]). The percentage of cells at different staining intensities was estimated by visual assessment. The overall (average) staining intensity was scored as 0 (none), 1 (weak), 2 (moderate) or 3 (strong), by visualisation at different magnifications. A minimum of 100 cells was evaluated in calculating the *H*-score.

Statistics
----------

GraphPad Prism (version 5) (Graphpad prism, Paris, France) and IBM SPSS v19 software (IBM, Paris, France) were used to compare samples, conditions and groups of treatment. Survival curves were plotted according to the Kaplan--Meier method and compared using the log rank. Unpaired and paired *P*-values of *P*\<0.05 were considered to represent significant difference.

Ethics and study approval by competent authorities
--------------------------------------------------

The study was approved by the Ethics committee of the Centre Leon Berard in March 2012. The sarcoma tumour banks and databases received authorisations from the Advisory Committee on Information Processing in Material Research in the Field of Health (CCTIRS) and the French Data Protection Authority (CNIL). The CCTIRS approval obtained on 24 November 2009; CNIL No. 909510 obtained on 5 February 2010. Written informed consent was received from participants before inclusion in the study.

Results
=======

TYRO3 and AXL are overexpressed in LMS cell lines
-------------------------------------------------

The expression of AXL, TYRO3 and MERTK receptors was evaluated in a panel of six LMS cell lines: SK-LMS-1; IB112; IB118; IB133; IB134; and IB136. All cell lines express higher level of phospho AXL than normal smooth muscle ([Figure 1A](#fig1){ref-type="fig"}). Using immunoprecipitation, phosphorylated TYRO3 was also observed in all cell lines tested ([Figure 1B](#fig1){ref-type="fig"}). Fluorescence-activated cell sorting analysis of TYRO3, AXL and MERTK expression confirmed the expression of AXL and TYRO3 proteins, and revealed also MERTK protein expression in LMS cell lines ([Figure 1C](#fig1){ref-type="fig"}). GAS6 protein was detected in four out six LMS cell lysates by ELISA ([Figure 1D](#fig1){ref-type="fig"}). These results show that all six LMS cell lines express high levels of TAM receptors with phosphorylated forms of AXL and TYRO3.

Inhibition of TYRO3 and AXL in the SK-LMS-1 cell line affects cell viability
----------------------------------------------------------------------------

To evaluate the role of *AXL* and *TYRO3* genes in LMS growth, the expression of these genes was inhibited using specific shRNA. Exposure to specific shRNA, but not to a control shPRPC, reduced TYRO3 and AXL protein expression as shown on the western blot assay ([Figure 2A](#fig2){ref-type="fig"}). In addition, a significant reduction of cell proliferation and colony formation was observed as compared to the control shPRPC, targeting an irrelevant gene (unpaired *t*-test, *P*\<0.05; [Figure 2B and C](#fig2){ref-type="fig"}). These results show that both TYRO3 and AXL inhibition reduce cell proliferation of this LMS cell line.

Crizotinib and foretinib inactivate TYRO3
-----------------------------------------

Crizotinib and foretinib are multi-target TKI inhibiting anaplastic lymphoma kinase (ALK), MET (proto-oncogene, receptor tyrosine kinase), as well as AXL and MER, with a lower IC~50~ reported for foretinib ([@bib11]). To explore whether crizotinib and foretinib affect TYRO3 phosphorylation also, immunoprecipitation experiments were performed using an anti-phospho-protein antibody in cell extracts from LMS exposed to both drugs. The results show a significant decrease of TYRO3 phosphorylation in cell lines treated with the drugs ([Figure 3A](#fig3){ref-type="fig"}). Both TKI also decreased AXL phosphorylation in different cell lines. Both tyrosine kinase inhibitors target AXL as expected, but also TYRO3. Quantification of the western blot results is presented in [Figure 3B and C](#fig3){ref-type="fig"}. Crizotinib and foretinib thus inhibit AXL and TYRO3 activation in cell cultures.

Crizotinib and foretinib inhibit LMS tumour cell line proliferation and affect their morphology
-----------------------------------------------------------------------------------------------

We next assessed the antitumour effect of crizotinib and foretinib on LMS cell lines. Cells were treated with increasing concentrations of these drugs for 72 h. Cell growth was measured using the CellTiter-Glo reagent. The viability curves of crizotinib and foretinib are shown on [Figure 3D and E](#fig3){ref-type="fig"}, respectively. Both drugs reduced cell viability as compared to control. SK-LMS-1 and IB134 were the most susceptible cell lines to crizotinib, while IB118 and IB136 were the most sensitive to foretinib. The IC~50~ values for crizotinib were 8.7, 8.8, 7.5, 3.5, 7.0 and 4.2  *μ*[M]{.smallcaps} for IB112, IB118, IB133, IB134, IB136 and SK-LMS-1, respectively, and 1.73, 0.78, 1.39, 0.92, 0.79 and 0.84 *μ*[M,]{.smallcaps} respectively, for foretinib consistent with the lowest Kd of foretinib for TAM receptors ([Figure 3D and E](#fig3){ref-type="fig"}). The cells more sensitive to the drugs presented a complete deactivation of TYRO3 under both treatments while a partial deactivation of TYRO3 was observed in the less-sensitive cells. There was a significant positive correlation between crizotinib or foretinib sensibility (IC~50~) and rate of TYRO3 phosphorylation after each drug treatment (*r*=0.79, *P*=0.06, Pearson's) and (*r*=0.81, *P*=0.04, Pearson's), respectively. Both drugs reduced cell density in LMS cells compared to DMSO-treated controls: LMS cells showed an elongated morphology, cytoplasmic shrinking and slender appearance. An increase in cell size was observed for IB112, IB118 and SK-LMS-1 cells ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}).

Crizotinib and foretinib induce G2 cell cycle arrest and apoptosis in LMS cells
-------------------------------------------------------------------------------

The impact of crizotinib and foretinib on cell cycle and apoptosis of LMS cell lines was then investigated. Using propidium iodide (PI) staining, crizotinib and foretinib were found to induce a G2/M arrest in the majority of LMS cells tested ([Figure 4A](#fig4){ref-type="fig"}). An increase in G2 was observed for IB112, IB133 and IB136, and to a limited extent in SK-LMS-1, while IB134 presented a G1 arrest with an increase in sub-G1 DNA content after exposure to crizotinib and foretinib, respectively ([Figure 4A](#fig4){ref-type="fig"}). An augmentation of \>4*n* DNA content, consistent with the increase in nuclear size, was observed for IB112, IB118 and SK-LMS-1 exposed to crizotinib and foretinib.

Apoptosis in response to crizotinib and foretinib was then investigated. Drugs induced apoptosis in SK-LMS-1, IB134 and IB136 cells lines, as evaluated by annexin V and PI staining, a \>30% increase in apoptotic cells after exposure to both agents. Apoptosis induction was observed for the three other cells lines to a lower extent ([Figure 4B](#fig4){ref-type="fig"}). Morphologically, an increase in cell size and nuclear fragmentation were observed upon treatment with crizotinib and foretinib after DAPI staining. Enlargement of cells and nuclear sizes along with nuclear fragmentation, a hallmark of late apoptosis, was observed for was observed for all cells except IB134 ([Figure 4C](#fig4){ref-type="fig"}).

We next tested the effect of those tyrosine kinase inhibitors on anchorage-independent proliferation of LMS cells. IB136 and SK-LMS-1, but not the other LMS cell lines tested, were able to grow in an anchorage-independent manner. As shown in [Figure 4D](#fig4){ref-type="fig"}, crizotinib inhibited soft-colony formation in a significant manner only for SK-LMS-1 cell line, whereas foretinib efficiently inhibited colony formation in soft agar for both cell lines IB136 and SK-LMS-1 (*P*\<0.05, *t*-test). We conclude that TYRO3 and AXL inhibition induce cell death and blocks the proliferation of the LMS cell lines tested.

GAS6 and PROS1 expression is a negative prognostic factor in LMS
----------------------------------------------------------------

To assess the possible role of TYRO3, AXL and their ligand GAS6 in sarcoma patients, their expression was analysed in LMS tumours and other sarcomas subsets. Immunohistochemistry and gene expression analysis were performed in two different data sets of sarcoma patients. Characteristics of LMS patients are presented in [Table 1](#tbl1){ref-type="table"}.

TYRO3, AXL and GAS6 expression was investigated in a series of 107 patients with sarcomas, LMS (*n*=23), DDLPS (*n*=22), SS (*n*=24) and UPS (*n*=38) using IHC. The results, including nuclear staining of TYRO3 are shown on [Figure 5A](#fig5){ref-type="fig"}. The percentage of different sarcoma histotypes expressing the proteins is shown ([Figure 5B](#fig5){ref-type="fig"}). TYRO3 nuclear staining was observed in 8 out of 21 LMS with detectable TYRO3. The *H*-scoring was significantly higher for TYRO3 and GAS6 in LMS *vs* other sarcomas (median rank 65.4 *vs* 50.8; *U*-test: 702.5; *P*=0.03) and GAS6 (median rank 66.4 *vs* 50.6; *U*-test: 688.5; *P*=0.02). AXL *H*-scores did not significantly differ across histotypes (*U*-test; *P*=0.23). GAS6 *H*-score was significantly lower in UPS (median rank 36.4 *vs* 63.5; *U*-test: 633.5; *P*\<0.001). Interestingly, the *H*-scores of GAS6 and TYRO3 were highly correlated in the whole data set of sarcoma patients (Pearson's=0.347, *P*\<0.001) indicating a frequent co-expression of ligand and receptors in the same cells, while no correlations were observed between AXL and GAS6, nor TYRO3 and AXL. Nuclear expression of TYRO3 was observed in 44% of LMS, and not in any other histotype. The presence of nuclear TYRO3 was significantly associated to co-expression of its ligand GAS6 (*P*=0.05) suggesting that nuclear locations could be associated with autocrine activation. Neither AXL and GAS6 nor TYRO3 expression correlates to age, site, gender or grade. TYRO3, AXL and GAS6 expression was not correlated with relapse-free survival or overall survival in the cohort of sarcoma patients, nor in the small series of LMS patients.

The second series of patients constitute the ATGsarc database. In all, 251 sarcomas, including *n*=94 LMS, *n*=94 UPS and *n*=63 DDLPS, were used to study *TYRO3*, *AXL*, *MERTK*, *GAS6* and *PROS1* gene expression. The primary tumours of LMS had a significantly higher expression level of *TYRO3* and *GAS6* as compared to UPS ([Figure 5C and F](#fig5){ref-type="fig"}) but lower levels of *MERTK* ([Figure 5E](#fig5){ref-type="fig"}). Conversely, UPS had higher expression levels of *MERTK* ([Figure 5E](#fig5){ref-type="fig"}). Protein S expression level was similar in all three histological subgroups (not shown). The PFS of this series (with a median follow-up of 57 months) was then analysed comparing patients with expression levels above and under the mean for all five genes, *TYRO3*, *AXL*, *MERTK*, *GAS6* and *PROS1*. The expression of none of the individual genes was found correlated to PFS, for any of the histotypes, nor for the pooled series. However a trend for a better PFS for low expressors of *GAS6* and *PROS1* was observed (data not shown). Because GAS6 and PROS1 are both ligands of TYRO3 and AXL, we grouped the patients according to *GAS6* and *PROS1* expression above or under the mean expression of the series (low/low *vs* high/low ('mixed'), *vs* high/high). Interestingly, LMS patients with low expression of both, *GAS6* and *PROS1* genes, present a significantly better PFS ([Figure 5G](#fig5){ref-type="fig"}). These results show that *TYRO3*, *AXL* and *GAS6* are expressed at higher levels in LMS and expression of its ligands correlates to a worse PFS in LMS patients.

Discussion
==========

The objective of this work was to investigate the role of TYRO3 and AXL activation in LMS proliferation and survival, and whether these tyrosine kinases receptors could be relevant therapeutic targets in sarcomas. We investigated the expression TYRO3, AXL and GAS6 in LMS cell lines, as well as in series of LMS and other sarcoma tumour tissues, and the impact of inhibitors of TYRO3 and AXL on cell proliferation and survival.

Blocking TYRO3 and AXL with specific shRNA inhibited both the expression of the kinase and cellular proliferation in the SK-LMS-1 cell line. TYRO3 and AXL were then targeted using two different multi-tyrosine kinase inhibitors, crizotinib and foretinib. Crizotinib is a multi-kinase inhibitor known to target ALK ([@bib48]) and the c-Met/hepatocyte growth factor receptor; foretinib is a dual c-MET--VEGFR2 receptor inhibitor that is currently in phase II clinical trials. Both TKI inhibit significantly TYRO3 and AXL ([@bib11]). Indeed, we observed that crizotinib and foretinib blocked TYRO3 and AXL tyrosine kinase receptor phosphorylation. Both crizotinib and foretinib diminish or completely abolish TYRO3 as well AXL phosphorylation in LMS cell lines. Phosphorylation of TYRO3 was entirely abolished by crizotinib or foretinib in the most sensitive LMS cells. A strong positive correlation was established between levels of TYRO3 phosphorylation under crizotinib and foretinib treatment and drug sensibility in LMS cell lines.

Exposure to both kinase inhibitors induced cell cycle arrest and/or apoptosis in the LMS cell lines tested, along with modifications in cell and nucleus morphology and size. Even though both crizotinib and foretinib are multi-target TKI, these observations are consistent with shRNA results and show a concomitant inhibition of phosphorylation of the two receptors with an impact on cell proliferation and survival, strongly suggesting a contribution of TYRO3 and AXL in LMS cell proliferation.

The relevance of these observations was then investigated in tumour samples. TYRO3, AXL and GAS6 were investigated at protein level, in LMS tumours using IHC. TYRO3 and GAS6 were expressed at higher level in LMS *vs* other sarcomas. Interestingly, a strong correlation between TYRO3 and GAS6 expression was observed. The lack of correlation of TYRO3, AXL and GAS6 expression on IHC, and PFS and OS is likely related to the small size of the series, the lack of documentation of PROS1 expression, the redundancy of TAM receptors function of and the difficulty to elaborate combined criteria as for mRNA expression. TYRO3, AXL, MERTK, GAS6 and PROS1 mRNA expression was measured in different sarcoma histotypes: LMS; UPS; and DDLPS. Leiomyosarcoma express significant higher level of TYRO3 and GAS6 then other sarcomas. None of the individual TAM receptors, AXL, TYRO3 or MER, had individual prognostic value for PFS or OS possibly because of the redundancy of these receptors in the presence of the ligands, but also probably because of the small size of the series. This former hypothesis is supported by the observation that a combined parameter of GAS6 and PROS1 low expression was associated with a better PFS. Leiomyosarcoma patients expressing higher levels of GAS6 and/or PROS1 are more prone to relapse and/or develop metastasis in this series of patients. Taken together, these results strongly suggest that TYRO3 and its ligands have an important role in LMS biology and deserve to be explored as a potential therapeutic target in clinical setting.

Expression of TAM receptor was already reported in sarcomas. Most of the data are related to AXL. Beyond our study on LMS ([@bib9]), AXL expression was reported in uterine LMS ([@bib27]) and in DDLPS, ([@bib34]) and Ewing sarcoma, where AXL expression is correlated with a worse overall survival ([@bib10]). AXL expression is also correlated to a poor outcome in MLPS patients ([@bib16]). AXL and its ligand GAS6 were found expressed in Kaposi sarcoma in both KS cell lines and tumours. MER and TYRO3 were not found expressed in KS tumours. AXL blockade by MAb173, a specific anti-AXL antibody diminished cell growth, *in vitro* and *in vivo* as well as invasion ([@bib24]). In osteosarcoma, AXL is associated with cell motility and invasiveness ([@bib33]), and phosphoAXL expression was recently found correlated with a worse prognosis ([@bib15]).

The expression of TYRO3 had conversely not been reported in sarcomas besides our previous report on 2 LMS cell lines and 13 tumour samples ([@bib9]). The results presented here show that this receptor is specifically overexpressed in LMS, and its inhibition is associated with reduced cell viability, increased apoptosis, cell cycle blockade and reduced colony formation. Both receptors and ligands are expressed by sarcoma cells: this autocrine situation is associated with a significantly increased risk of relapse in LMS patients.

It was intriguing to observe that nuclear expression of TYRO3 was observed specifically in LMS, and mostly in tumours co-expressing GAS6 and TYRO3 (not shown). Nuclear expression of tyrosine kinase has been recently reported in different sarcoma types, including KIT in GIST, IGF1R in a variety of sarcoma histotypes; the significance of this location is unclear but correlated with receptor activation and response to targeted agents in these models ([@bib42]; [@bib2]). The notion that cell surface receptors can migrate to the nucleus and act as transcription factors has been reported since 1990. Epidermal growth factor (EGF), growth hormone, insulin receptor, fibroblast growth factor receptors and transforming growth factor beta are among the first receptors observed in the nucleus ([@bib36]; [@bib17]; [@bib26]; [@bib28]; [@bib49]). Nuclear detection of EGF receptor (EGFR) has been identified in a variety of cancer cells and primary tumours ([@bib13]), mainly in highly proliferative tissues EGFR function as a transcription factor activating genes required for highly proliferating activities such as cyclin D1 ([@bib22]). High expression of nuclear EGFR is correlated to a worst overall survival in breast cancer patients ([@bib25]). Epidermal growth factor receptor nuclear expression is also correlated to a worst disease-free survival rate in head and neck squamous cell cancer ([@bib37]).

For TAM receptors, there are few reports of nuclear localisation of AXL and MER. Prolonged GAS6 exposition leads to the production of a partially *N*-glycosylated form of MER that localises preferentially in the nucleus of ALL cells ([@bib31]). Further, AXL and p-AXL have been detected widespread in the nucleus of schwannoma cells ([@bib1]). The present work is the first report of the presence of TYRO3 in the nucleus of tumour cells. The mechanism and significance of the specificity of nuclear localisation in LMS remains to be understood. The identification of the contribution of TYRO3 and GAS6 in LMS cell lines and fresh tumours points to the possible vascular smooth muscle cell origin of subsets of LMS cells in humans. TYRO3, AXL and GAS6 are indeed important signalling molecules for vascular smooth muscle cells ([@bib29]).

In conclusion, this work shows that TYRO3 and AXL and their ligands are involved in the growth of LMS cell lines, are present and activated in tumour samples and that their expression correlates with a poor outcome in sarcoma patients. Targeting those proteins with specific TKI may represent a new potential treatment for LMS that deserves further investigation.
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###### 

Click here for additional data file.

![**Characterisation of TAM receptor expression in a panel of human LMS cell lines.** (**A**) Lysates from IB112, IB118, IB133, IB134, IB136, SK-LMS-1 and HepG2 (positive control) were analysed by western blot. Beta-actin was used as loading control. Longer exposition is shown for HepG2 with AXL antibody. (**B**) Leiomyosarcoma cells were starved then stimulated with GAS6. After normalisation for protein concentration, phosphotyrosine proteins were immunoprecipitated with a PY20 antibody. The SK-LMS-1 lysate was immunoprecipitated also with an antibody isotype control. Western blot analysis was performed with an anti TYRO3 antibody. (**C**) Graph showing AXL (red), MER (blue) and TYRO3 (green) expression levels in LMS and HepG2 cells by FACS analysis. Results are shown as fold increase compared to isotype control. (**D**) Evaluation of GAS6 levels in LMS cells lysates by ELISA.](bjc2017354f1){#fig1}

![**(A) TYRO3 and AXL RTK protein expression following shRNA knockdown. SK-LMS-1 cells comprising TYRO3-targeting shRNA (sh1 and sh2), AXL-targeting shRNA (sh3 and sh4) and control shRNA (shPRPC) show TYRO3 and AXL levels by immunoblotting. (B) Knockdown of TYRO3 and AXL in the SK-LMS-1 cell line affects cell viability. Graph showing the reduction of viability in SK-LMS-1 knocked-down cells cultivated for 3 days. Viable cells were counted using trypan blue. Graphs represent means of two independent experiments performed in duplicates. (C) Graphs showing decrease in colony formation potential for SK-LMS-1 knockdown cells. Graphs represent means of two independent experiments performed in duplicates.**](bjc2017354f2){#fig2}

![**Crizotinib and foretinib deactivate TYRO3 and AXL phosphorylation and lead to decrease in cell viability.** (**A**) Proteins with phosphorylated tyrosines were immunoprecipitated with a PY20 antibody from LMS cell lysates treated with crizotinib and foretinib. IB118 and SK-LMS-1 were precipitated also with an isotype control antibody, as shown in the right part of the panel. Western blot analysis was performed with an anti-TYRO3 and -AXL antibodies. Graphs showing TYRO3 (**B**) or AXL (**C**) protein quantification of western blot using ChemiDoc Imaging Systems (Bio-Rad). Leiomyosarcoma cells were treated with crizotinib (**D**) and foretinib (**E**) at indicated concentrations for 72 h. Viable cells were measured using CellTiterGlo (Promega) and plotted relative to untreated control. Graphs represent means of three independent experiments performed in triplicates. Bars represent s.d.'s.](bjc2017354f3){#fig3}

![**Drugs increase cell and nuclear size, affect cell cycle and induce apoptosis.** (**A**) Crizotinib (5 μ[M]{.smallcaps}) and foretinib (1 μ[M]{.smallcaps}) induced G2--M cell cycle arrest and/or \>4*n* increase in LMS cells after 48 h of treatment. The proportion of cells in each cell cycle phase is graphed as percentage of the total. Results are mean of three independent experiments. (**B**) Annexin V and propidium iodide (PI) measured by flow cytometry. The proportion of viable or dead cells in each apoptosis phase is graphed as percentage of total. Results are mean of three independent experiments. (**C**) Phase contrast and fluorescence microscopy of DAPI-stained cells receiving vehicle, crizotinib or foretinib for 72 h. (**D**) Crizotinib and foretinib reduces colony size in anchorage-independent growth of LMS cells. SK-LMS-1 and IB136 were grown in soft agar for 14 days, treated with 5 *μ*g of crizotinib, 1 *μ*g of foretinib or DMSO for 6 days then analysed by microscopy. This picture is representative of two experiments, performed in triplicates. \**P*\<0.01.](bjc2017354f4){#fig4}

![**TYRO3, AXL and GAS6 expression in sarcomas.** (**A**) Representative example of immunohistochemistry on LMS tissues with anti-AXL, anti-TYRO3 and anti-GAS6 antibodies. TYRO3 nuclear expression is shown in detail. Original magnification × 20 and × 40. (**B**) Graph showing the percentage of positive samples from each sarcoma hystotype analysed. Cytoplasmic or nuclear staining was plotted separately. (**C**--**F**) Gene expression analysis of TYRO3, AXL, GAS6 and PROS1 transcripts, respectively. Data are from gene expression and outcome in 251 sarcoma patients' samples from ATGsarc microarray database. (**G**) Kaplan--Meier curve for progression-free survival of 94 LMS patients with low or mixed and high expression levels of GAS6 and PROS1 genes cluster. *P*-values in log-rank test are indicated. *n*=number of patients in each group. Median PFS are expressed in years.](bjc2017354f5){#fig5}

###### Description of the ATG and CLB series of LMS patients

                                     **ATGsarc series**   **CLB IHC series**
  ---------------------------------- -------------------- --------------------
  Gender                                                   
   Female                            129 (51)             55 (51)
   Male                              122 (49)             52 (49)
  Median age                         63                   61
  Range                              15--92               13--86
  Histopatologic grade                                     
   1                                 14 (6)               10 (9)
   2                                 78 (31)              35 (33)
   3                                 137 (55)             56 (52)
   Unknown                           22 (9)               6 (6)
  Histologies                                              
   LMS                               94 (37)              23 (21)
   UPS                               94 (37)              38 (37)
   DDLPS                             63 (26)              22 (21)
   Synovial sarcoma                  0                    24 (22)
  Primary tumour site at diagnosis                         
   Chest wall                        39 (16)              10 (9)
   Lower extremity                   106 (42)             37 (35)
   Upper extremity                   34 (14)              19 (18)
   Uterus                            1 (0.5)              1 (1)
   Retroperitoneal                   64 (25)              25 (23)
   Other                             7 (3)                14 (13)
  Size (mm)                                                
   \<50 (non-bulky)                  17 (7)               23 (21)
   \>50 (bulky)                      207 (82)             79 (73)
   Unknown                           27 (11)              5 (5)
  Metastatic at diagnosis                                  
   Yes                               13 (5)               3 (3)
   No                                238 (95)             104 (97)

Abbreviations: DDLPS=dedifferentiated liposarcoma; IHC=immunohistochemistry; LMS=leiomyosarcoma; UPS=undifferentiated pleomorphic sarcoma.
